Low-temperature joining with sintered silver is being developed as a lead-free, non-solder, die-attach solution for packaging power devices and modules. While its feasibility has been demonstrated, one major drawback of sintered silver joint is the high applied pressure during sintering to produce the desired bond strength. A high percentage of voids could also remain in the sintered joints. Applying the technique to large-area attachments also means a correspondingly higher applied pressure, and damage to the devices and substrates is possible. This study focused on the use of nanosilver paste as an attachment material that can be sintered at relatively low temperatures and pressures. Because of the difficulty of obtaining the die-shear strength of very large attachments, two non-destructive methods, micro X-ray computed tomography (CT) and curvature measurement using a laser-scanning technique, were used to characterize the bonded structures. Effects of different drying and sintering conditions on the bonding qualities were discussed.
Introduction
Die-attach by silver sintering has been investigated as an alternative to solder or epoxy in the fabrication of electronic packages and modules. Because the resulting sintered silver has a high melting point, it can be used in packages at operating temperatures in excess of 250°C, which is significantly higher than the working temperatures of most traditional solder-based or epoxy-based materials. [1] Other advantages include good mechanical, thermal and electrical properties, [2] and good ductility. [3] [4] [5] [6] Being free of lead and other heavy metals also means that the sintered silver die-attach is RoHS compliant.
One major issue with a sintered silver joint, as currently implemented, is that it requires a high applied pressure during sintering. [7] A high percentage of voids could also remain in the sintered joint. [8, 9] Large-area bonding also means an increasingly high applied pressure, and the components may be susceptible to damage at such a high pressure.
To show the advantages of reduced particle size, we used a nanoscale silver paste (nanoTach ® ) from NBE Technologies, LLC (Blacksburg, Virginia) as the attachment material for high temperature packaging. Unlike pastes containing micrometer-sized particles, the nanosilver paste can be sintered at relatively low temperatures and pressures. Large-area silicon chips with silver metallization were used as devices in this study. Obtaining the bond strength of large-area attachments proved difficult because the silicon usually cracked. As a result, we decided to employ non-destructive methods to indirectly infer the strength of the attachments produced with the sintered paste. These methods are micro X-ray computed tomography (CT) and curvature measurement by laser.
The micro X-ray CT is capable of imaging the bulk volume of the sintered layer, clearly showing any voids and cracks that may be present, while scanning the chip surface with a laser enables detection of the curvature induced by the coefficient of thermal expansion (CTE) mismatch between the silicon and the substrate. These two techniques combined could provide a non-destructive tool for evaluating the attachment formed by sintering nanosilver paste between the device and the substrate.
The steps involved in the previous process of sintering nanosilver paste for large area attachment are shown below and as follows: (a) the paste is printed on the substrate to a thickness of 50 µm; (b) the printed substrate is heated in air to 180°C at a ramp rate of 600°C/hour and with soak time of 300 s; (d) a thin layer of paste (about 5 to 10 µm) paste is printed over the dried print and the chip is mounted on the wet print, and followed by heating using the profile shown in Fig.1 . A pressure of 2-5 MPa applied on the chip is maintained throughout the sintering process. Although only ~5 MPa pressure is required for this procedure, the hot pressing step during the entire sintering stage presents some problems. The press is occupied during the entire process, thus limiting throughput. A conformal cushion to ensure uniform transmitted pressure must also withstand the elevated temperature, such as rubber or something similar. These will add to the complexity and cost of the manufacturing process. Reducing the processing temperature and keeping the pressing time during sintering short or eliminating it altogether should keep the cost down and make the process more feasible. The silver paste attachment layer was deposited as a double print on the DBC substrate. An initial layer of nanosilver paste was printed with a wet print thickness of 50 µm and dried at 180°C for 300 s after heating at a ramp rate of 300°C/hour. The second layer was printed on the dried paste with an estimated wet print thickness of 25 µm.
The silicon chip was mounted on the printed paste, and the assembly was heated up following the profiles shown in Fig. 2 . In order to evaluate the effects of pressure and tem- 
Analytical equipment and methods

Micro X-ray computed tomography
X-ray computed tomography is a non-destructive method for the imaging of internal structures such as the voids/cracks in the attachments that may form in a sintered silver attachment layer. In our study, a MicroXCT 400 from Xradia company was used for the X-ray CT scanning. When the images are obtained in the transmission mode, the lighter areas in the image indicate the presence of voids, cracks, or material of lower density. In the absorption mode, the opposite is true. It is also possible to obtain 3-dimensional virtual images of the attachment layer, thus enabling the determination of the exact locations and extent of defects within the silver layer.
In order to find out which step in the attachment process is responsible for crack formation, X-ray imaging was used to inspect samples, both after drying and after sintering. While, x-ray imaging allows the detection of the cracks and voids, it is unable to discriminate between a good bond and a poor bond. The image obtained from a completely detached chip may look similar to that of a strongly bonded chip. Therefore, it is necessary to pair X-ray imaging with another method that can provide an indication of the bond quality to make it useful in evaluating attachments made with nanosilver paste. A potentially useful parameter is the post-sintering curvature that develops on the bonded device. If the device has sufficient reflectivity, a simple laser scanning technique may be used to obtain the curvature. However, a poorly reflecting surface does not preclude the use of the sample curvature as a metric for bond quality since other methods should be available for measuring curvature. This paper covers only the laser scanning technique.
Cur vature measurement by laser scanning
The rationale for using the device curvature as a metric for bond strength is as follows. Because of the existence of a mismatch between the coefficients of thermal expansion (CTE) of the silicon chip and DBC substrate, a sintered sample would develop a curvature after sintering. If the adjacent layers of the sample are perfectly bonded, the ideal curvature of the sample can be determined just by the material properties themselves. [10] In real cases, the measured curvature is always lower than the ideal curvature because the interfacial bonding is not perfect. However, the difference between the ideal and real curvatures can still reveal the quality of the bonding: the stronger the bond, the higher the measured curvature, assuming the attachment layer (sintered nanosilver) does not experience internal changes that dissipate the curvature. Obviously, this method will not be useful if the materials being bonded have very similar CTEs or if the surfaces being bonded are already deformed.
The principle behind the laser scanning technique for obtaining the curvature is shown in Fig. 5 . The actual optical bench used for the measurements is shown in Fig. 6 .
By moving the translation stage, the laser is able to scan a programmed length of the sample, and the deflected beam is detected by a position-sensitive detector some known distance away. The curvatures of all samples were measured after sintering. A more detailed description of the curvature measurement technique and apparatus can be found elsewhere. [11, 12] Figure 7 to Fig. 12 showed the transmission mode X-ray images for samples sintered under conditions in Table 1, respectively. showed that the sintered silver layer is remarkably uniform with no visible voids or cracks. The similarity of the images indicate that as long as an external pressure is applied during the drying stage, i.e., from room temperature to 180°C, the bonding layer will be almost "solid", and cracks will hardly be generated after drying.
Results and Discussion
X-ray images of sintered samples
Comparing Group A ( Fig. 7) with Group E (Fig. 11) , or comparing Group B ( Fig. 8 ) with Group F (Fig. 12) , we clearly see the difference between two similar heating profiles, with only different pressure during the drying stage.
This will lead to the same conclusion: as long as a sufficient pressure is applied during the drying stage, the pressure during the sintering stage will not affect the uniformity of the bonding layers.
Comparing Group C and D ( Fig. 9 and 10) with Group E and F ( Fig. 11 and 12 ), no big difference can be observed.
This implies the bond uniformity is not sensitive to the sintering temperature, at least visually. As stated earlier, uniformity of the sintered layer microstructure does not necessarily mean high bond strength.
Some white dots can also be seen in Fig. 7 to Fig. 12 .
Those white dots in the X-ray transmission images are from the DBC substrate. There were voids between copper and alumina layers. Figure 13 showed the recon- uniformity and very few defects at the same scale.
Cur vatures of sintered samples
The geometry and material properties of the fabricated samples with the sintered nanoscale silver attachment are shown in Table 2 The trend that a higher curvature represents a higher bonding strength appears to hold. A more precise correlation between curvature and bonding strength will be the subject of future research.
From Table 3 , the curvature of Group A is the lowest, which very close to zero. It means that the bonding quality of the samples dried without pressure and sintered at 275°C without pressure is the worst among all the heating conditions. This is in good agreement with the results from X-ray imaging.
The curvatures of Group C were 0.59 ± 0.06 m -1 , showing the samples sintered at 225°C without pressure devel- be an issue, i.e., the need for a high-temperature cushion to deliver uniform pressure on the chip(s), then the latter is desirable. If however, the parts are sensitive to temperature, then a lower sintering temperature may be desirable, thus defaulting to Group D conditions. It should be noted however that temperature is a more powerful parameter than pressure in the densification kinetics during solidstate sintering, as is the case with nanoscale silver paste.
Cross-sectional analysis of sintered samples
In order to confirm that the observation from the nondestructive characterization is correct, some samples were cut to observe their cross-sections. Figure 16 to Fig. 18 showed the cross-sections of samples in Group A (dried without pressure, sintered at 275°C without pressure), Group D (dried under 3 MPa, sintered at 225°C under 3 MPa) and Group E (dried under 3 MPa, sintered at 275°C without pressure), respectively.
In Fig. 16 , voids can be seen in the cross-section of sintered silver layer, confirming the wide river-like cracks in the X-ray image in Fig. 7 . A tiny crack between silver and silicon was also obser ved, indicating the delamination between silicon device and bonding layer, which led to low curvatures (0.09 ± 0.01 m -1 ) of samples in Group A. Figure   17 and Fig. 18 showed the sintered silver layers were completely attached to both copper and silicon. No obvious voids and cracks can be found within the scale. They are in good agreement with the X-ray images in Fig. 10 and Fig.   11 .
Conclusion
Large-area (> 1 cm 2 ) silicon chips were attached to directbond copper substrates by sintering a nanosilver paste at temperatures below 300°C and pressures up to 3 MPa.
The bonded structures were characterized nondestructively by X-ray computed tomography (CT) and curvature measurements using a laser-scanning system. X-ray images of the sintered nanoscale silver showed that so long as a sufficient pressure is applied during the drying stage, the pressure, or absence thereof, during the sintering stage will not affect the uniformity of the bonding layer and a uniform microstructure will be obtained with very few observable defects. The presence of measurable curvature on the attached silicon devices indicated the formation of a strong bond after sintering. The curvature data showed that applying pressure during drying resulted in curvatures that are comparable with those observed when sintering under pressure, particularly at the higher temperature. As expected, sintering at 275°C would produce higher curvature than at 225°C. In general, applying pressure during drying and/or sintering and increasing the sintering temperature improved the microstructure while also increasing the obser ved cur vature. An important observation is that it is possible to skip the applied pressure during sintering if pressure is applied during drying and keeping the sintering temperature sufficiently high, e.g. at 275°C, and still obtain favorable microstructure and curvature. This could go a long way in simplifying the device attachment process and reduce both the technical and cost barriers to adopting sintered nanoscale silver paste as a joint material. 
